Most developing thymocytes undergo apoptosis because they cannot interact productively with molecules encoded by the major histocompatibility complex. Here, we show that mice lacking the orphan nuclear hormone receptor ROR␥ lose thymic expression of the anti-apoptotic factor Bcl-xL. ROR␥ thus regulates the survival of CD4
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Most developing thymocytes undergo apoptosis because they cannot interact productively with molecules encoded by the major histocompatibility complex.
Here, we show that mice lacking the orphan nuclear hormone receptor ROR␥ lose thymic expression of the anti-apoptotic factor Bcl-xL. ROR␥ thus regulates the survival of CD4 ϩ 8 ϩ thymocytes and may control the temporal window during which thymocytes can undergo positive selection. ROR␥ was also required for development of lymph nodes and Peyer's patches, but not splenic follicles. In its absence, there was loss of a population of CD3 -CD4 ϩ CD45 ϩ cells that normally express ROR␥ and that are likely early progenitors of lymphoid organs. Hence, ROR␥ has critical functions in T cell repertoire selection and lymphoid organogenesis.
During selection of a T cell repertoire within the thymus, CD4 ϩ
CD8
ϩ (double positive, DP) thymocytes with T cell antigen receptors (TCRs) that recognize complexes of host major histocompatibility complex (MHC) proteins and peptides survive and are exported to the periphery (1) . Cells undergo apoptosis if they have strongly self-reactive TCRs or fail to interact productively with MHC/peptide complexes (2) . The latter process, termed "death by neglect," accounts for more than 90% of thymocyte death and weeds out useless cells from the developing thymus. It has been proposed that activation of the glucocorticoid receptor by endogenous corticosteroids regulates apoptosis of DP thymocytes (3), but other members of the nuclear receptor superfamily have also been implicated in thymocyte selection (4). We studied the role of a retinoic acid receptor-related orphan receptor, TOR or ROR␥, which is expressed in thymus and skeletal muscle but not in mature T cells (5, 6) . A thymus-specific isoform of ROR␥, ROR␥t, which shares the DNA and ligand-binding domains with ROR␥ but differs in the NH 2 -terminus, protects hybridomas from TCR-induced apoptosis by inhibiting expression of Fas ligand and interleukin-2 (IL-2) (7), probably by its ability to block the function of NFAT (nuclear factor of activated T cells) transcription factors (8) .
The ability of ROR␥ to inhibit FasL and cytokine gene expression suggested that this nuclear receptor may regulate apoptosis during thymocyte development. We therefore generated ROR␥-deficient mice by gene targeting (9) . ROR␥ Ϫ/Ϫ mice were born healthy in a Mendelian distribution, had no discernible physical defect, and were fertile. ROR␥ mRNA and protein were undetectable in the thymus of homozygous mutant mice, confirming the complete inactivation of the ROR␥ gene and loss of expression of ROR␥ and the thymus-specific ROR␥t isoform (10). The thymi of ROR␥ Ϫ/Ϫ animals appeared normal in size, but total cell numbers recovered were ϳ30 to 50% of wild-type levels. Flow cytometric analysis showed a reduction in DP thymocyte number (Fig. 1A) . Thymocytes also displayed higher forward scatter (FSC), indicative of larger cell size, than did wild-type cells (Fig. 1B) , and most FSC high cells were confined to the DP compartment (11). The amount of CD4 and TCR expressed was reduced in DP cells from ROR␥ Ϫ/Ϫ mice (Fig. 1, C and D) . However, CD4 ϩ
Ϫ single-positive (CD4 SP) cells, although reduced in number, expressed normal amounts of both CD4 and TCR, suggesting that they had undergone positive selection ( To determine whether reduced DP thymocyte cellularity was caused by increased cell death, we performed an ex vivo apoptosis time course analysis ( Fig. 2A) . About 80% of the ROR␥ Ϫ/Ϫ thymocytes underwent spontaneous apoptosis after 5 hours, compared to only 20% of thymocytes from heterozygous littermates, and the accelerated apoptosis was confined to DP cells (11). TUNEL analysis (2, 12) showed localization of apoptotic ROR␥ Ϫ/Ϫ cells within cortical regions, where the DP thymocytes reside (Fig. 2B) . Multiprobe ribonuclease (RNase) protection assays of ROR␥ Ϫ/Ϫ thymocytes showed that the amount of Bcl-xL mRNA was one-tenth that in normal cells, but no differences were found in expression of other death-related molecules, including FasL (11). Bcl-xL protein was almost undetectable by immunoblot analysis of ROR␥ Ϫ/Ϫ thymocyte extracts (Fig. 2C) . These results suggested that ROR␥ regulates DP thymocyte survival by enhancing expression of the antiapoptotic molecule Bcl-xL.
The FSC profile of DP thymocytes from ROR␥ Ϫ/Ϫ mice ( Fig. 1B) suggested that a malfunction of the cell cycle may accompany accelerated apoptosis. About 30% of thymocytes from ROR␥ Ϫ/Ϫ mice, but only 4 to 5% from heterozygous littermates, had greater than 2N DNA content, indicating that they were in the S/G 2 phases of the cell cycle ( Fig.  3 ) (12). Thymocytes from ROR␥ Ϫ/Ϫ mice had reduced amounts of p27 kip1 , which negatively regulates the transition from G 1 to S phase by inhibiting the activity of the cyclindependent kinase CDK2 (Fig. 2D) . Correspondingly, CDK2 activity was increased 10-fold in mutant compared to wild-type cells (Fig. 2D ) (13). When these thymocytes were cultured in the presence of the CDK inhibitor roscovitine, apoptosis was prevented, even though Bcl-xL expression was not restored ( Fig. 2A) (11) . Thus, CDK function is required for thymocyte apoptosis in the absence of ROR␥, consistent with recent suggestions that anti-apoptotic Bcl-2 family members regulate CDK2 activity (14, 15) .
Thymocytes with homozygous disruption of the Bcl-xL gene exhibit reduced survival similar to that in ROR␥ Ϫ/Ϫ mice (16 animals restored most aspects of normal thymocyte development (Fig. 3) . Thymocyte number in Bcl-xL Tg /ROR␥ Ϫ/Ϫ animals was similar to that in ROR␥ ϩ mice expressing the Bcl-xL transgene (about 1.5-fold higher than normal thymus) (Fig. 3B) , and both DP and CD4 SP cells were present in normal numbers (Fig. 3C) . TCR expression and the size of DP thymocytes were normal in the BclxL Tg / ROR␥ Ϫ/Ϫ mice, although the level of CD4 expression remained low (Fig. 3C ).
Both thymocyte survival and cell cycle regulation were corrected by the forced expression of Bcl-xL (Fig. 3, D and E) . The latter was correlated with rescue of p27 kip1 expression to wild-type levels (Fig. 3A) . ROR␥ thus appears to act genetically upstream of Bcl-xL to prolong DP thymocyte survival and promote G 1 phase cell cycle arrest.
We crossed mice with a disrupted TCR-C␣ gene, which does not express TCR on DP cells and, hence, cannot undergo negative selection, with
thymocytes had the same phenotype as ROR␥ Ϫ/Ϫ thymocytes, indicating that negative selection signals do not initiate premature apoptosis in the absence of ROR␥ (10). This suggests that accelerated apoptosis is due to enhanced death by neglect. We also crossed ROR␥-null mice to gld/gld mice, which are defective for FasL function (18) . Thymocyte apoptosis in gld/gld/ROR␥ Ϫ/Ϫ mice was identical to that in ROR␥ Ϫ/Ϫ animals (10). Thus, the Fas:FasL system appears not to be regulated by ROR␥ to enhance thymocyte survival.
T cells in ROR␥-deficient mice appeared to be exported normally to the periphery and to have normal proliferative functions (11). However, ROR␥-deficient mice completely lacked lymph nodes and Peyer's patches (Fig. 4A) (11, 19) . Development of lymph nodes and Peyer's patches is dependent on several tumor necrosis factor ( TNF) family members (lymphotoxin ␣ and lymphotoxin ␤, TRANCE/OPGL/ RANKL) and their receptors (TNF receptor p55, lymphotoxin ␤ receptor) (20) (21) (22) (23) (24) (25) . Mutations of these genes, with the exception of TRANCE, also result in disruption of splenic follicular structure and the absence of follicular dendritic cells. In contrast, splenic architecture and follicular dendritic cells were normal in ROR␥ Ϫ/Ϫ mice (11), suggesting that the membrane-bound form of lymphotoxin, LT␣␤, and TNF␣ are produced normally in the follicles of mutant mice (26 (19) , and may function in lymphoid organ development (27) . These cells express large amounts of ROR␥ mRNA (10). CD3
ϩ cells were absent from both mesentery and intestines of E16.5 and E18.5 mutant embryos and of 2-day-old mutant mice (Fig. 4B) (11) . In normal embryos, expression of ROR␥ was detected in cell clusters flanking the pharynx, intestines, and pericardium as early as E12.5 (Fig. 4, C and D) (10, 28) . Many of the cells that expressed nuclear ROR␥ also expressed cell-surface CD4 (Fig. 4E) . In E14.5 embryos, near the limb buds we observed bilateral clusters of cells expressing ROR␥, where axillary and inguinal lymph nodes develop (11). These results suggest that ROR␥ is required for the development of CD4 ϩ progenitor cells involved in the morphogenesis of lymph nodes and Peyer's patches.
Our results indicate that ROR␥ is essential for survival of immature CD4 ϩ CD8 ϩ thymocytes and for development of lymphoid organs. The defect in thymocyte development in mice lacking ROR␥ can be attributed directly to its regulation of Bcl-xL expression in DP thymocytes. Anti-apoptotic effects of Bcl-xL provide these cells the opportunity to interact with MHC/peptide complexes and undergo positive selection. Regulated shutoff of ROR␥ expression, or ligand-mediated regulation of ROR␥ function, could attenuate Bcl-xL expression and result in thymocyte death by neglect. Bcl-xL also promotes maintenance of high p27 kip1 levels; in its absence, the increased CDK2 activity contributes to cell death. Thymocytes lacking Bcl-xL display accelerated apoptosis, similar to that observed in the ROR␥-null animals, but it is not known whether they also have a defect in cell cycle progression (16) .
Disruption of the gene encoding the transcriptional repressor Id2 results in a lymphoid organ phenotype similar to that of ROR␥ Ϫ/Ϫ mice (29) . Interestingly, both Id2 and ROR␥ transcripts were detected in CD3 29) , and this cell population was undetectable in animals lacking either Id2 or ROR␥ (Fig. 4B ) (29) . Thus, Id2 and ROR␥ may both be required for survival or differentiation of these hematopoietic progenitors, which may be essential at an early stage of lymphoid organ development. sciencemag.org/feature/data/1048806.shl 11. Z. Sun et al., unpublished data. 12. Thymocytes (2 ϫ 10 5 ) were washed twice with phosphate buffered saline (PBS) and incubated with FITCconjugated Annexin V (Pharmingen) and 200 ng/ml propidium iodide (PI) for 15 min on ice in Annexin V binding buffer (0.01 M Hepes, pH 7.4; 0.14 mM NaCl; 2.5 mM CaCl 2 ). Two hundred microliters of binding buffer were added to the above staining sample. Dead cells were detected by flow cytometry analysis as Annexin V-and PI-positive cells. For in situ TUNEL analysis, freshly isolated thymi were fixed overnight in 63% ethanol, 5% acetic acid, and 1.8% formaldehyde. The fixed tissues were paraffin-embedded and sectioned. Apoptotic cells were detected with a TUNEL analysis kit (Intergen) according to the manufacturer's protocol. For cell cycle analysis, freshly isolated thymocytes (10 6 cells) were washed twice with PBS and then resuspended in 300 l of PBS. Cold ethanol (700 l) was slowly added to the resuspended cells while vortexing. The cells were incubated on ice for 1 hour and washed twice with PBS. Fixed cells were resuspended in 1 ml of staining buffer (1ϫ PBS, 0.1% NP-40, 0.1 mg/ml RNase A, and 0.05 mg/ml PI) and incubated on ice for 20 min. DNA content of cells was analyzed using flow cytometry. 13. CDK2 was immunoprecipitated from 2 ϫ 10 7 thymocytes lysed in 50 mM tris, pH 7.4, 50 mM NaCl, 0.5% NP-40 in the presence of proteinase inhibitors (Boehringer Mannheim). Immune complexes were washed twice with lysis buffer and twice with kinase buffer (20 mM tris, pH 7.4, 10 mM MgCl 2 and 1 mM 
